Nogalamycin, an aromatic polyketide displaying high cytotoxicity, has a unique structure, with one of the carbohydrate units covalently attached to the aglycone via an additional carbon-carbon bond. The underlying chemistry, which implies a particularly challenging reaction requiring activation of an aliphatic carbon atom, has remained enigmatic. Here, we show that the unusual C5′′-C2 carbocyclization is catalyzed by the non-heme iron α-ketoglutarate (α-KG)-dependent SnoK in the biosynthesis of the anthracycline nogalamycin. The data are consistent with a mechanistic proposal whereby the Fe(IV) = O center abstracts the H5′′ atom from the amino sugar of the substrate, with subsequent attack of the aromatic C2 carbon on the radical center. We further show that, in the same metabolic pathway, the homologous SnoN (38% sequence identity) catalyzes an epimerization step at the adjacent C4′′ carbon, most likely via a radical mechanism involving the Fe(IV) = O center. SnoK and SnoN have surprisingly similar active site architectures considering the markedly different chemistries catalyzed by the enzymes. Structural studies reveal that the differences are achieved by minor changes in the alignment of the substrates in front of the reactive ferryl-oxo species. Our findings significantly expand the repertoire of reactions reported for this important protein family and provide an illustrative example of enzyme evolution.
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natural product biosynthesis | Streptomyces | crystal structure | α-ketoglutarate-dependent oxygenase | iron-dependent oxygenase A nthracycline antibiotics produced by soil-dwelling Streptomyces bacteria are aromatic type II polyketides that display high cytotoxic potency (1) . Several members of this group are among the most effective anticancer drugs available, and compounds such as doxorubicin are widely used as first-choice chemotherapeutic agents for many tumors (2) . Worldwide, such drugs are presently included in about 500 clinical trials to explore new drug regimens to improve potency and decrease side effects (3) . The biological activity of anthracyclines is mediated through topoisomerase II (4) whereas additional mechanisms of these drugs include the recently discovered histone eviction activity (3) .
Out of all anthracyclines, nogalamycin (1, Fig. 1 ) has a particularly interesting chemical structure (5) because one of the carbohydrate units of the molecule, nogalamine, is attached both via a carboncarbon bond and a classical O-glycosidic linkage to the aglycone. The progress of 1 to clinical trials was prevented by unacceptable toxicity (6) , but the compound was further developed into a semisynthetic analog, menogaril (7), which improved the original anticancer activity while diminishing the severe acute toxicity (6) . Subsequently, menogaril has received favorable recommendations for further studies in phase II clinical trials (8) .
The unique mode of attachment of nogalamine to 1 has been widely noted ever since the discovery of the compound in 1965 because formation of the C5′′-C2 bond formally requires activation of an aliphatic C-H group. However, despite intensive investigations into the biosynthesis of 1, the mechanism of carbocyclization has remained unknown (1) . Furthermore, recent molecular genetic studies have revealed, unexpectedly, that the amino sugar attached at C1 is originally rhodosamine (9) . The opposite stereochemistry at C4′′ of rhodosamine in comparison with nogalamine implies that a stereoinversion reaction must occur at a late stage in the biosynthesis.
Mononuclear iron α-ketoglutarate (α-KG)-dependent proteins, which are one of the largest subfamilies of non-heme iron enzymes, are widely present in humans, plants, and prokaryotes, where they are involved in diverse processes, including natural product biosynthesis, the mammalian hypoxic response, and DNA repair (10) . Most representatives of this enzyme family catalyze hydroxylation reactions like the well-characterized taurine degrading dioxygenase TauD (11) , but a few members are responsible for more unusual chemical transformations, such as halogenation, demethylation, desaturation, O-cyclization, ring expansion, and epimerization reactions (10, 12) . Here, we identified two homologous Fe(II)-and α-KG-dependent enzymes, SnoN and SnoK, which catalyze key steps in the formation of the epoxyoxocin structure of 1. We show that SnoK is responsible for an enzymatic carbocyclization whereas SnoN is an epimerase. The bifunctional α-KG-dependent CarC catalyzes an epimerization step in the biosynthesis of the antibiotic carbapenem (13) , but SnoN displays striking structural and mechanistic differences. The findings thus expand the repertoire of reactions reported for this enzyme family and provide an illuminating example of divergent enzyme evolution where structurally similar proteins catalyze completely different chemistry.
Significance
Anthracyclines are complex natural products widely used as anticancer agents. Studies into the biosynthesis of these metabolites have revealed that the producing Streptomyces bacteria perform elegant chemical reactions that are difficult to accomplish by conventional organic synthesis. Here, we present the discovery of two non-heme iron-and α-ketoglutarate-dependent enzymes that carry out atypical reactions, C-C bond formation and epimerization, in nogalamycin biosynthesis. Despite the diverse chemistry, we demonstrate that the proteins are evolutionarily related and that only a limited set of amino acid changes in the active sites are responsible for the switch in chemistry. This is encouraging for future research because it indicates that protein engineering could lead to generation of novel compounds with improved biological activities.
Results and Discussion
Discovery of Functions of snoN and snoK. Previous studies have shown that heterologous expression of the majority of the nogalamycin pathway from cosmid pSnogaori in Streptomyces albus leads to the accumulation of nogalamycin R (2, Fig. 1) (9) , which contains the C5′′-C2 bond, but has (S) stereochemistry at C4′′, in contrast to the 4′′-(R) configuration seen in 1. The functions of most gene products residing in the gene cluster have already been mapped (1, 9, 14) , which directed us toward two putative α-KG-and Fe(II)-dependent oxygenases, snoN and snoK, as the likely candidate genes for late stage tailoring reactions.
Coexpression of snoN, which is not included in pSnogaori (Fig. 1) , together with the cosmid in S. albus, resulted in the production of two previously unidentified anthracyclines, 3 and 4, based on analysis of crude extracts by HPLC-UV/Vis (Fig. S1A) . Structure elucidation by high resolution mass spectrometry and NMR (Fig. S1 B, C, and F and Tables S1 and S2) revealed that 3 was identical to 2 except for the stereoinversion at C4′′, whereas 4 contained olivose instead of nogalose at C7 (Fig. 1 ). Because both 3 and 4 harbored the same 4′′-(R) stereochemistry as the end product of the pathway 1, the result implies that snoN encodes a C4′′ epimerase. To investigate the function of snoK, the gene was deleted from pSnogaori, which led to the identification of two main metabolites from culture extracts (Fig.  S1 D and E). Structure elucidation of 5 and 6 (Tables S1 and S2 and Fig. S1F ) suggested that snoK was responsible for the enzymatic carbocyclization because the C5′′-C2 bond was not present in either metabolite. The difference in the structures was again found in the neutral carbohydrate moiety; although 5 contained the anticipated nogalose, 6 harbored an olivose at C7 (Fig. 1) . Reexamination of the production profile of S. albus/pSnogaori (Fig. S1C ) revealed that also this strain is able to synthesize a compound with an olivose at C7 (7, Fig. 1, Fig. S1F , and Tables S1 and S2). The unexpected attachment of olivose in 4, 6, and 7 is likely caused by endogenous enzymes from the heterologous host S. albus, which have been noted to influence anthracycline glycosylation patterns (9) .
Characterization of SnoN and SnoK. In agreement with the in vivo expression studies, incubation of SnoK in vitro with 5 in the presence of Fe(II), α-KG, and ascorbic acid resulted in the formation of 2 (Fig. S2A ). The reaction did not proceed without dioxygen or α-KG whereas the dependence on Fe(II) was demonstrated by addition of EDTA, which resulted in loss of activity. Titration experiments verified that the stoichiometry for consumption of α-KG was in a 1:1 relation to the primary substrate 5 ( Fig. S2 B-D) .
The reaction of SnoK is reminiscent of the O-cyclization reaction catalyzed by the homologous trifunctional clavaminate synthase CAS in the biosynthesis of clavulanic acid (15) , with the distinction that SnoK is monofunctional and catalyzes a carbocyclization reaction. Related O-cyclizations have also been identified from biosynthetic pathways of orthosomycins (16) . However, the only other proteins concluded to catalyze oxidative carbocyclizations at aliphatic carbons are nonrelated Rieske enzymes in the biosynthesis of streptorubin B and metacycloprodigiosin, where the function was inferred from molecular genetic data (17) .
Under similar conditions, incubation of SnoN with 7 unexpectedly led to the appearance of several reaction products, all of which contained masses lower than that of the substrate (SI Materials and Methods and Fig. S2E ). To identify the unknown anthracyclines, the enzymatic synthesis was scaled up, but, during purification, we noticed that two of the main products were readily converted into the third compound 8. Structure elucidation of this stable reaction product by NMR (Tables S1 and S2 and Fig. S2F ) revealed that 8 had lost most of the amino sugar and only contained a ketone functional group at C2 (Fig. 1) . The use of 5 as a substrate also resulted in deglycosylation at C1 because the previously isolated (9) anthracycline 9 was detected as the reaction product ( Fig. 1 Fig. 1 . The nogalamycin gene cluster and the biosynthetic steps for anthracyclines investigated in this study. The end product of the pathway nogalamycin (1) is produced by WT Streptomyces nogalater whereas pathway engineering led to the isolation of compounds 2-7 from the heterologous host S. albus, and compounds 8 and 9 were generated using enzymatic synthesis. The core of the gene cluster (white genes) has been cloned into cosmid pSnogaori for production of 2 whereas genes near the boundaries of the cluster are marked in black. Genes encoding SnoN and SnoK are shown in purple and gray, respectively. Fig. S1G ). The requirement for dioxygen, α-KG, and Fe(II) was established for the SnoN reaction, but, surprisingly, the stoichiometry for consumption of α-KG in relation to the primary substrate 5 was found to be 1:2 ( Fig. S2 H-J) .
Only one enzyme homologous to SnoN has been characterized to catalyze similar chemistry; the bifunctional CarC is responsible for stereoinversion and subsequent desaturation reactions in carbapenem biosynthesis (13) . The mechanism of epimerization by CarC has been noted to involve ferryl abstraction of substrate hydrogen, followed by donation of a hydrogen atom from Tyr165, which effectually limits the enzyme activity to single turnover in vitro without a supply of external electrons (10) . In SnoN, a similar imbalance in reductive power is probable but seems to lead to the degradation of the product instead of inactivation of the enzyme. Anthracyclines are known for their ability to generate stable semiquinone free radicals (18) that are important for their biological activity but that also contribute to the cardiotoxicity of the compounds (19) . The detoxification pathway of doxorubicin in humans involves deglycosylation to the 7-deoxyaglycone (20) , which is reminiscent of the formation of 8 and 9 by SnoN. 3D Structures. We determined the crystal structures of SnoN ( Fig.  2A) and SnoK (Fig. 2B ) in complex with α-KG and mononuclear iron (Table S3 ). The central core of both proteins comprises 11 β-strands containing a jelly-roll or β-sandwich fold, characteristic for the α-KG-dependent oxygenase family (21, 22) , and the proteins show similarity to known non-heme iron dioxygenases (23, 24) . The β-barrel fold is flanked by four α-helices and several 3 10 helices. The structures of the two enzymes are very similar with a root-mean-square deviation of 1.2 Å for 257 equivalent Cα atoms, consistent with the sequence identity of 38%. Structural differences are found for the loop between β7 and β8 (residues 175-196) and at the C terminus, which are the most diverse sections. The polypeptide stretch between β7 and β8 contains an insertion of six amino acids in SnoK whereas the C-terminal region of SnoN is longer and contains an insertion of seven amino acids (Fig. S3) .
Active Site Architectures. The mononuclear iron ion is located in the interior of the β-barrel fold and is coordinated by the side chains of residues His130/121, Asp132/123, and His213/210 in SnoN (Fig. 2C) and SnoK (Fig. 2D) , respectively, which constitute the characteristic His-X-Asp motif of the enzyme family (25) . The octahedral coordination sphere of the metal ion is completed by the 2-oxo-carboxylate group of α-KG and a water molecule. The cosubstrate α-KG is bound at the bottom of the channel, and the environment of this subregion is very similar in the two proteins. The carbon chain of α-KG packs against hydrophobic residues (i.e., Trp64/57, Met72/ Val66, Leu114/108, and Met161/152) whereas the C5 carboxyl group forms hydrogen bonds to the side chains of Arg224/221, Thr127/118, and Trp148/139 in SnoN/SnoK, respectively.
Binding of Primary Substrates. The catalytic sites of the two enzymes, defined by the metal center and the cosubstrate α-KG, are accessible for the primary substrates via large channels extending from the active sites to the enzyme surfaces (Fig. 3A) . To obtain further insights into substrate recognition and catalysis, we determined the crystal structures of SnoN in complex with α-KG or succinate, respectively, and 7 (Table S3 and Fig. S4 ). The binding site of the anthracycline substrate is formed by three major regions (Fig. 3B) : the two walls of the channel and residues at the bottom of the binding site pocket close to the mononuclear iron. Binding of 7 is associated with a disorder-order transition of the loop between β7 and β8 (residues 174-182), which forms part of the substrate binding cleft (Fig. S5A) . The aromatic anthracycline ring system is sandwiched between Trp64 and Trp180 and surrounded by Tyr74 and Phe245. The olivose attached to C7 of the ring system extends into the bulk solution, without interactions to protein residues. The rhodosamine moiety of 7 is located in the interior of the substrate binding cleft, close to the iron center. The dimethylamino group is within hydrogen bond distance to Glu112, and the C4′′ hydroxyl group forms a hydrogen bond to the side chain to Lys110. These interactions orient the C4′′ atom, the site of epimerization, such that the H4′′ hydrogen atom points toward the iron center, with a distance of 3.5 Å between the Fe ligand and C4′′.
Because we were not able to obtain crystals of SnoK with bound primary substrate, we modeled 5 into the active site of the enzyme (Fig. 3C) . One wall of the binding cleft in SnoN is highly conserved in SnoK (Fig. 3D) , with the conserved residues Trp64/57 (located on strand β2), and Tyr74/68 (positioned on β3), respectively, forming the main interactions with the primary substrate. The major differences between the enzymes are found in two other parts of the active site cleft. The second face of the channel away from α-KG is shaped by the dissimilar β7-β8 and C-terminal loop regions, which seem to influence the alignment of the planar anthracycline ring system in the active site (Fig. 3C) . The longer β7-β8 loop of SnoN, housing Trp180, is closer to the ligand in comparison with SnoK, where the equivalent residue Phe173 leaves the active site more open. However, movement of this region during binding of the primary substrate to SnoK cannot be excluded at this stage. Another difference is due to the substitution of the hydrophobic residue Phe245 in the C-terminal part of SnoN by Gln240 in SnoK. This residue packs against the aromatic ring system and forms a hydrogen bond with the C14 carbonyl group of 5 (Fig. 3D) . Finally, two residues at the bottom of the active site seem to be involved in positioning of the carbohydrate units in front of the iron ion. In SnoN, residues Lys110 and Glu112 align the substrate 7 such that the site of stereoinversion is close to the iron center. The corresponding residues Ser104 and Asp106 of SnoK are shorter in length, which enables protrusion of the ligand deeper into the active site (Fig. 3D) . Consequently, the C2 carbon atom of the anthracycline aglycone and C5′′ of the carbohydrate are positioned adjacent to the iron center, facilitating carbocyclization. The critical role of the Asp106 residue in substrate recognition and positioning was consistent with the loss of catalytic activity in the Asp106Ala and Asp106Asn mutants of SnoK (Fig. 3E) . However, disruption of the hydrogen bond between the C4′′ hydroxyl group of the ligand and Lys110 of SnoN by replacement with the smaller Ser residue of SnoK did not have a significant influence on the activity (Fig. 3F) .
Divergent Reaction Mechanisms. The structural studies imply that the difference in chemistry catalyzed by SnoN and SnoK depend upon subtle changes in positioning of the substrates in front of the mononuclear iron. The initial catalytic steps required for activation of molecular oxygen are likely to be identical and occur in a manner similar to other members of the protein family (12) , which assumes sequential binding of α-KG, the primary substrate and molecular oxygen (Fig. 4) . The binding of dioxygen leads to formation of a highly reactive Fe(III)-superoxide, which is subsequently converted into a cyclic ferryl bridged-peroxo species after a nucleophilic attack by the carbonyl carbon of α-KG (12) . Finally, cleavage of the oxygen-oxygen bond and decarboxylation of α-KG result in the generation of the reaction products succinate and carbon dioxide, and a high-valent Fe(IV) = O species (26) . In agreement, the catalytic engines of SnoN and SnoK are nearly identical, with high conservation of residues involved in coordination to the non-heme iron and α-KG (Fig. 2 C and D) .
The exceptional feature of SnoK is the use of the ferryl-oxo species for an oxidative carbocyclization reaction. Such chemical transformations are challenging to accomplish selectively in organic synthesis, and, for this reason, activation of C-H groups has attracted considerable attention in recent years (27, 28) . We suggest that, in the initial step, Fe(IV) = O abstracts the H5′′ atom from the primary substrate, leading to the generation of a substrate radical. The intramolecular ring closure is then accomplished after attack of the aromatic C2 on the radical center (Fig. 4) . This mechanistic proposal is supported by modeling, which positions the substrate 5 in the active site adjacent to the non-heme iron (Fig.  3D ). In this model, the two carbon atoms of the substrate closest to the Fe(IV) = O center are C5′′ of the amino sugar and C2 of the anthracycline ring that will form the new C-C bond in the product.
The mechanism of C-C bond formation by SnoK is mechanistically different from intramolecular phenol radical coupling reactions catalyzed by P450 enzymes (29, 30) . In SnoK, such a reaction would formally require abstraction of a hydrogen atom from the C4 hydroxyl group, generating a phenoxy radical. Direct abstraction of this hydrogen atom by the Fe(IV) = O center is, however, not possible because the hydroxyl group points away from the metal center (>6 Å distance). Furthermore, generation of a phenoxy radical intermediate would direct C-C bond formation to the para or ortho positions of the phenyl ring, which is not observed in the SnoK reaction. Formation of the radical in the meta position of the phenyl ring is a particularly challenging reaction because it will not be stabilized in a similar manner as in the case of a phenoxy radical. However, hydrogen abstraction at the C2 carbon atom of the phenol ring is facilitated by the suitable positioning of this atom relative to the Fe(IV) = O center.
In contrast to the SnoK reaction, the oxidation state of the primary substrate does not change in the reaction catalyzed by SnoN. The crystallographic data verifies that the C4′′ of the carbohydrate is well-positioned next to the iron ion and that it is likely that abstraction of the H4′′ atom is the initial catalytic step (Fig. 4) . In CarC (Dali score Z = 8.2, sequence identity to SnoN 14%), the stereoinversion is completed by donation of a hydrogen atom from Tyr165 from the other side of the substrate (13) . However, the active site cavity of SnoN contains only three amino acids that are likely to form and donate radicals (Trp64, Tyr74, and Trp180) (Fig.  3B ), but none of these residues are structurally equivalent to Tyr165 of CarC or ideally positioned opposite the site of epimerization. Both tryptophan residues seem to be involved in ligand binding via stacking interactions to the anthracycline aglycone whereas Tyr74 is positioned above the rhodamine sugar with its hydroxyl group 6.0 Å from C4′′ of the substrate. Consistently, mutagenesis of any of these residues to phenylalanines did not significantly reduce consumption of the primary substrate (Fig. 3F ) and suggests that amino acid radicals may not be involved in the catalytic cycle. In addition to critical structural differences, the two enzymes seem to use α-KG differently; although native CarC has been reported to display "one-third-of-sites reactivity" and alteration of α-KG utilization in CarC Y165F (13) , the use of the cosubstrate remains comparable in SnoN and SnoN Y74F (Fig. S2J) . In the case of SnoN, the turnover of two primary substrate molecules for one α-KG opens the possibility that the enzyme is only responsible for abstraction of the substrate hydrogen atom and that either a cellular reductant or another protein, possibly in complex with SnoN, would be responsible for donation of the hydrogen atom back to the primary substrate (Fig. 4) . Although it is clear that more work is required for elucidation of all the catalytic steps of SnoN, our work establishes that the reaction mechanism differs from that of CarC.
Concluding Remarks. The discovery of SnoN and SnoK from the nogalamycin biosynthetic pathway significantly extends the known functions of α-KG-dependent oxygenases and reinforces the efficacy of high-valent iron-oxo species for diverse enzymatic transformations. Furthermore, the characterization of these two non-heme iron enzymes presents an illustrative example of divergent enzyme evolution and provides a compelling example of how subtle differences in positioning of substrates may lead to greatly different chemistry in homologous enzymes.
Materials and Methods
Bacterial Strains and Culture Conditions. Escherichia coli TOP10 and Streptomyces lividans TK24 (31) were used as cloning hosts. E. coli K12 was used for gene disruption and ET12567/pUZ8002 (31) for intergeneric conjugation to S. albus (32) .
General DNA Techniques and Inactivation of Genes. Isolation of plasmid and cosmid DNA from Streptomyces species was performed using conventional techniques (31) . For protein production, the gene snoK was amplified from the cosmid pSnogaori and snoN from the plasmid pUCZOMLTN (9) . The genes were cloned into a modified pBAD/HisB-plasmid (33) . The ORF snoK (804 bp) was deleted from the cosmid pSnogaori with the aid of the λ Red recombinase system (34) . The (cm R ) resistance gene was subsequently removed with the aid of pFLP2 (35) expressing the FLP recombinase, followed by conjugation into S. albus (32) from E. coli ET12567/pUZ8002 (28) , resulting in the strain S. albus/ pSnoΔK. The ORF for snoN was introduced to the strain S. albus/pSnogaori by the plasmid pIJTLMN (9,770 bp), leading to the final strain S. albus/pSnogaori+N. The primers and details of the cloning steps are provided in SI Materials and Methods.
Protein Production and Purification. Recombinant histidine-tagged SnoK and SnoN were produced in E. coli TOP10 and purified using TALON resin (Clontech Laboratories Inc.) or a 5 mL HisTrap Ni 2+ column and an ÄKTA FPLC system. The proteins were desalted with a PD-10 column (GE Healthcare) or when purified for crystallization further purified using a Superdex 200 column (GE Healthcare). For enzymatic synthesis of 8, SnoN was used without desalting or addition of glycerol.
Production and Purification of Metabolites. Compounds 3, 4, and 7 were purified from the strain S. albus/pSnogaori+N, and 5 and 6 from the strain S. albus/ pSnoΔK. In addition, for the large-scale enzymatic conversion of 7 to 8, the substrate was purified from the strain S. albus/pSnogaori. Analysis of metabolites is presented in SI Materials and Methods.
Enzymatic Reactions. The enzyme reactions were monitored by following the change in absorbance (502 nm for the SnoK and 524 nm for the SnoN reaction) with a Multiskan GO spectrophotometer (Thermo Scientific) and by analysis of the extracted reaction products by HPLC. The end point reactions were performed using 1.5 μM SnoK or 1.2 μM SnoN, 50 μM 5 or 7, 90 μM α-KG, 100 μM Fe (II)SO 4 , 200 μM L-ascorbate in 100 mM Na-phosphate, pH 7.5, or Tris·Cl, pH 7.5, in a 200-to 500-μL reaction volume at 293 K. Before analysis by HPLC, the reactions were extracted under basic conditions with chloroform or by solid phase extraction (DSC-18 Discovery, Supelco; Sigma-Aldrich). Fig. 4 . Mechanistic proposal for the catalytic cycles of SnoN and SnoK. Generation of the high-valent iron-oxo species is likely to be identical in the two enzymes (black outline). In the carbocyclization reaction by SnoK (inner circle, gray outline), two hydrogen atoms H5′′ and H2 (purple) are sequentially abstracted from the substrate 5. In the stereoinversion reaction by SnoN (outer circle, purple outline), an external source of electrons is most likely required to complete the reaction cycle after abstraction of the H4′′ (purple) atom. Two primary substrates 2 are converted for each α-KG.
Crystallization and Structure Determination. Crystals of complexes of SnoK and SnoN with α-KG were obtained by vapor diffusion using 20% (wt/vol) PEG-MME 550 and 30% (wt/vol) PEG 3350, respectively, as precipitant. Complexes of SnoN with 7 and α-KG or succinate, respectively, were obtained by cocrystallization. Diffraction data were collected at the European Synchrotron Radiation Facility (ESRF), processed using XDS (36) or MOSFLM (37) , and scaled with SCALA or AIMLESS from the CCP4 suite (38) . The structure of SnoN was determined by molecular replacement with Phaser (39) using an ensemble of PDB entries 2OPW, 2A1X (23) , and 2FCT (40) , which show about 20-24% sequence identity, as template. The model obtained was refined using Arp/warp (41), COOT (42), Phenix (43) , and REFMAC5 (44) . The refined coordinates of the model of the SnoN-α-KG complex was used as template for the structure determination by molecular replacement of the SnoN-substrate complexes and of SnoK. The models were refined using REFMAC5, interspersed with rounds of model building with COOT (42) . Details of crystallization, structure determination, including data and refinement statistics can be found in SI Materials and Methods.
